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Neuronal nicotinic ACh receptors (nAChRs) are present in the rat medial habenula (MHB) and interpeduncular nucleus (IPN), two brain regions connected through the fasciculus retroflexus (FR) . The goal of the present study was to compare the electrophysiological and pharmacological characteristics of nAChRs located at pre-and postsynaptic sites within the MHB-IPN system. nAChRs located on the soma of IPN neurons were studied using patch-clamp techniques and a preparation of acutely isolated neurons. Whole-cell currents evoked by Ach and nicotine showed an intense rectification at positive membrane potentials. nAChR channels were relatively nonselective for cations, had a unitary conductance of 35 pS, and were activated by several nicotinic agonists with the following rank order: cytisine > ACh > nicotine > dimethylphenylpiperazinium (DMPP). They were blocked by mecamylamine, hexamethonium, curare, and dihydro+erythroidine (DHBE), but were insensitive to a-bungarotoxin and neuronal bungarotoxin.
In contrast, nAChRs recorded on the soma of MHB neurons under equivalent experimental conditions exhibited different characteristics for single-channel conductance and agonist and antagonist sensitivity.
The pharmacological properties of presynaptic nAChRs in the IPN were analyzed in a rat brain slice preparation. Stimulation of the FR produced a presynaptic afferent volley recorded in the rostra1 subnucleus of the IPN. Nicotinic agonists decreased the amplitude of the afferent volley with different efficacies: nicotine > cytisine > ACh > DMPP. The action of nicotine was insensitive to a-bungarotoxin and to neuronal bungarotoxin, but was blocked by mecamylamine, tiexamethonium, curare, and DHBE, with IC,, values different from those reported for IPN postsynaptic nAChRs. This study thus demonstrates the functional diversity of nAChRs in the rat CNS.
Recent studies of cloned nucleic acid sequences have demonstrated the existence of a family of genes that encode functional nicotinic ACh receptors (nAChRs) found on muscle and nerve cells (for review, see Lindstrom et al., 1987 ; see also Nef et al., 1988; Wada et al., 1988; Duvoisin Received Jan. 7, 1991; revised Mar. 25, 1991; accepted Mar. 27, 1991 . This work was supported by grants from the College de France, the Centre National de la Recherche Scientifique, and the Ministere de la Recherche and by Institut National de la Sante et de Boulter et al., 1990) . The genes encoding neuronal nAChR subunits have been divided into two categories: (1) subunits named a-subunits because of homologies with muscle a-subunits (01~*~ in the rat brain and CQ-CU, in the chicken brain) and (2) subunits referred to as P-subunits &-&) in the rat brain or non-a-subunits in the chicken brain (non-a, to non-a,). Expression studies with Xenopus oocytes injected with either cDNAs or mRNAs have shown that various paired combinations of LYand p-(or non-a-) subunits can form functional nAChRs with distinct pharmacological and electrophysiological properties Bertrand et al., 1990; Luetje et al., 1990; Papke et al., 1989a,b) . Furthermore, in situ hybridization of mRNA probes has provided evidence for a regional distribution of various combinations of these gene products.
In particular, the habenulo-interpeduncular system shows a high degree of expression of several of these genes. The medial habenular nucleus (MHB) gives rise to a large axonal projection (partly cholinergic) through the fasciculus retroflexus (FR) to the interpeduncular nucleus (IPN; for review, see Morley, 1986) . Five genes (LX,, (Ye, &, p,, p,) are expressed in the MHB, and a different combination of five genes ((Ye, a3, (Y., , (Ye, p, ) is found in the IPN. These areas also exhibit high-affinity binding for 3H-ACh and 3H-nicotine; they react with monoclonal antibodies directed against nAChRs, such as mAb-270 ) or mAb 35.76 (Deutch et al., 1987 ; they are regions where local glucose utilization increases in response to peripheral nicotine administration (London et al., 1988) ; and physiological responses to nicotine have been observed in both the MHB and the IPN (Brown et al., 1983 (Brown et al., , 1984 McCormick and Prince, 1987a) . Finally, both pre-and postsynaptic nAChRs coexist in the IPN (Brown et al., 1984; Clarke et al., 1986) . Habenular deafferentation experiments have further demonstrated (Clarke et al., 1986 ) that at least part of the presynaptic nAChRs in the IPN are located on MHB axon afferents. The MHB-IPN system thus appears to be an interesting model to study the functional diversity of nAChRs in the CNS.
We recently characterized a novel type of nAChR on the soma of MHB neurons using a preparation of acutely isolated neurons and patch-clamp techniques (Mulle and Changeux, 1990) . We here describe the functional and pharmacological properties of nAChRs located in the IPN either at the postsynaptic level, that is, on the soma of acutely isolated neurons, or at the presynaptic level, that is, on axon terminals of afferent fibers to the IPN. study (Mulle and Changeux, 1990) . The brains from 15-20-d-old Sprague-Dawley rats were rapidly removed and placed in cold (" 5°C) PIPES saline (in mM: 120 NaCl, 5 KCl, 5 MgCl,, 25 D-glucose, 20 PIPESNaOH; pH 7, equilibrated with 100% 0,). The IPN was dissected with a punch under a binocular microscope from a transverse slice that was cut manuallv (see Fig. 7 ). with little Dossibilitv of contamination by other surro&ding brain'iegions. The-tissue was incubated in 10 rr? PIPES saline containing 50 U papain, 1 mg/ml bovine serum albumin, and 1 mg/ml L-cystein. It was stirred gently under pure 0, atmosphere at 35°C for 40 min. The pieces of tissue were then rinsed several times in fresh PIPES saline. Cells were then triturated, centrifugated 5 min at 700 rpm, and then plated onto glass coverslips that had been coated previously with 5 &ml poly-L-ornithine in Dulbecco's modified Eagle's medium containing 25 mM HEPES and supplemented with Ultroser G (2%) (IBF, France). The cells were allowed to settle on the coverslips in an incubator at 37°C for at least 1 hr and were used on the same day. This protocol was an improvement on the previously used technique (Mulle and Changeux, 1990) in several respects. In the incubator, cells tended to lose their neuritic processes, thus leading to isolated soma that were most suitable for whole-cell recordings and pharmacological experiments. Furthermore, the cells were significantly more solid, and stable recordings could be obtained for tens of minutes.
Electrovhvsiolonv on isolated neurons. Experiments were performed at room tempera&e. The cells were continuously superfused in a solution containing (in md 150 NaCl. 5 KCl. 1 CaCl,. 1 M&l,. 10 HEPES-NaOH, &h 10 D-hucose (pH j.2). This solution and ail dLkgs, unless otherwise stated, were applied by means of a multiple array of tubes that was moved laterally.
Macroscopic currents were recorded using the whole-cell variation of the patch-clamp technique. The solution in the patch pipette, unless othe&ise stated, contained (in rnhi) 140 CsCl, 4NaCl,, 2 MgCl,, 0.5 CaCl,. 5 EGTA. and 10 HEPES. The solution was adjusted to DH 7.2 with CsOH. S&e-channel activity was recorded in" the outside-out mode. Under these experimental conditions, no single-channel activity was detected in the absence of choline& agonists. The currents were monitored with an Axopatch 1C (Axon Instruments, Inc., Burlingame, CA), filtered at 2 kHz, stored on a Racal (Southampton, UK) FM analog tape recorder, fed into an IBM AT computer with an acquisition rate of 100 psec/point, and further analyzed with the program ~CLAMP by Axon Instruments (Burlingame, CA, version 5.5). Single-channel amplitude was measured on all-point amplitude histograms (e.g., Fig. 2 ). Single-channel conductance was measured in patches where sufficient single-channel activity was recorded at at least four different potentials between -40 and -100 mV. All values are given as mean f SD.
Preparation of slices containing the FR and the IPN andfield potential recordings Adult male Sprague-Dawley rats were decapitated under ether anesthesia, and the brains were rapidly removed. Two parasagital sections were made 1 mm apart from the midline, and the side tissues were removed. The tissue block was laid on a side, and a first cut was made manually l-l.5 mm rostra1 and parallel to a virtual line joining the MHB to the IPN. The following cuts were made with a McIllwain tissue chopper (500~pm-thick slices). A single slice per animal could be obtained that included both FRs entering bilaterally the rostra1 part of the IPN (see Fig. 7 ).
The slice was incubated in artificial cerebrospinal fluid for 1 hr and then placed in a recording chamber perfused with a medium containing (in mM) 124 NaCl, 3.5 KCl, 1.3 MgSO,, 2.5 CaCl,, 26 NaHCO,, 1.25 NaH,PO,, and 10 glucose and gassed with 95% O,, 5% CO, at 36.5"C. The flow rate was 2 ml/min, and a new perfusion solution reached the chamber within 1.5-2 min. A bipolar tungsten stimulation electrode was placed at the entry point of one of the MHB-IPN tracts into the IPN. A recording glass microelectrode filled with 3 M NaCl, 5-20 MO, was placed in the rostra1 IPN subnucleus (nomenclature of Hamill and Lenn, 1984) . A single shock stimulation of one FR produced an extracellular field potential consisting mainly of a large negative wave (downward deflection as compared to baseline), the amplitude of which was considered for field potential measurements. A conventional high-inputresistance amplifier was used for voltage recordings. The data were analyzed using a digital oscilloscope.
Compounds
CsOH was from Aldrich. Dihydro-P-erythroidine (DHBE) was donated by Merck, Sharp, and Dohme. Neuronal bungarotoxin (NBT) was from Biotoxins. All other compounds were from Sigma.
Results nAChRs on isolated IPN neuronal soma Characteristics of macroscopic nicotinic currents Neurons in the IPN were most often round to slightly elongated, with a diameter of 1 O-l 5 pm. In whole-cell recordings, neurons were identified by the presence of a large (several hundreds of PA) Na+ current in response to a depolarizing pulse, which inactivated in a few msec. K+ currents were almost completely abolished by the presence of Cs+ in the patch pipette medium.
Nicotine (50 PM) was generally used as an agonist, in preference to ACh, to avoid activation of muscarinic receptors. Approximately 50% of the neurons tested responded to ACh or nicotine application. In over 200 neurons, ACh and/or nicotine evoked, without any delay (I 100 msec after onset of perfusion), an inward current accompanied by an increase in noise (Fig. 1) . The mean amplitude of the response was 76 +_ 40 pA (range, lo-480 pA, n = 153 cells) for 50 PM nicotine at a holding potential of -80 mV.
The inward current activated by nicotine decreased with depolarization ( holding potential, at least up to +60 mV. The value of the apparent reversal potential was compatible either with a nonselective cationic current or with an anionic (Cl-) current. Substitution of Cl-in the patch pipette with gluconate or glutamate did not affect the apparent reversal potential. These results suggest that the inward current activated by ACh and nicotine is relatively nonselective for cations.
Single-channel recordings Outside-out recordings were made from membrane patches obtained from the soma of neurons that displayed a typical inward current in response to the application of nicotine or ACh. At potentials below -60 mV, these patches were totally inactive in the absence of the agonist. Some patches did not display any single-channel activity even in the presence of the agonist. This was probably due to the low density of nAChRs on some IPN neurons. However, generally, single-channel currents were activated upon perfusion with ACh or nicotine, without any delay, under minimal conditions of intracellular medium composition (no ATP or GTP). The activity ofnicotinic channels disappeared within 2 or 3 min, independent of the nature and concentration of agonist and of the duration of application of the agonist. This rundown phenomenon could not be reversed by addition of ATP (2 mM) or leupeptin (100 PM) in the pipette solution.
In almost all recordings, only a single class of current ampli- Figure 2A , where several channels were simultaneously active. The apparent reversal potential was -16 -t 6 mV (n = 33). Nicotinic channel activity was not observed at positive potentials. This could be due to the low probability of opening of the channel, as proposed for rat superior cervical ganglion nAChRs by Mathie et al. (1990) . Most values of single-channel conductance fell within the range of 30-42 pS. The mean value for single-channel conductance was 34.9 + 4.2 pS (n = 33) when nicotine was used as the agonist and 34.0 f 3.0 pS (n = 7) with ACh.
Pharmacological properties
In whole-cell recordings, inward currents were also activated by cytisine and dimethylphenylpiperazinium (DMPP, Fig. 3 ) which act as agonists on ganglionic nAChRs, but not by muscarine (10 MM). We estimated the relative efficacy of nicotinic agonists by comparing the amplitude of the current evoked by various concentrations of these agonists (up to 1 mM) to the amplitude of the current evoked by a test application of !O KM nicotine (Figs. 3, 4) . The fit of the dose-response curves gave estimated Hill coefficients ranging between 1.3 and 1.7 (Fig. 4) , suggesting the presence of at least two binding sites for the agonist. The estimated values of the apparent Kds were all in the same range (2843 FM), but there were marked differences in the maximal amplitudes of the current evoked by these agonists (Fig. 4) : the Ach 50/~M nicotine 50pM cytisine 50pM nicotine 50uM DMPP 50pM nicotine 50pM rank order of agonist efficacy was cytisine > ACh > nicotine > DMPP. The current evoked by ACh was unchanged in the presence of eserine (10 PM), an AChE inhibitor. Figure 3 also shows that the response to ACh progressively desensitizes during prolonged application of the agonist, an effect that was rapidly reversible. The rate of desensitization increased with increasing concentration of agonist: the half decay times were L 10 set at 3 x 1O-5 M ACh (n = 6) 4.3 + 0.5 set at 1O-4 M ACh (n = 6), 2.3 f 0.7 set at 3 x 10m4 M (n = 5), and 1.7 + 0.5 set at 1O-3 M (?'I = 4).
We occasionally recorded nicotinic responses of low amplitude (~20 PA) that were more sensitive to DMPP and ACh than to nicotine and cytisine. Because of their low amplitude, these responses were not further analyzed, but this observation raises the possibility that additional types of nAChRs exist in the IPN.
The nicotinic response was blocked by various classical ganglionic antagonists (mecamylamine, curare, hexamethonium, DHBE; Fig. 5 ). The effects of all the antagonists tested were rapidly reversible (in less than 30 set) when the agonist was removed from the bath before subsequent test application. Doseresponse curves were obtained, with a test application of 50 PM nicotine and at a holding potential of -80 mV, after correction for the slow desensitization of the response to nicotine. The values of the IC,, measured under these conditions are given in Table 1 . No attempt was made to study the mode of action of these antagonists.
a-Bungarotoxin (aBGT), a potent nicotinic blocker at the neuromuscularjunction, applied at a concentration of 500 nM either for more than 5 min in the bath during recording (n = 4) or for 30 min before recording, did not affect the response to nicotine. NBT was tested after preincubation of the cells with the toxin for more than 30 min. The amplitude of the response to 50 PM nicotine, measured in three different dishes with NBT (500 nM), was 60 f 30 pS (n = 7), a value not significantly different from control. Atropine, at a concentration (1 PM) that totally blocks muscarinic responses in other systems, was without effect.
Comparison between nAChRs from IPN and MHB isolated neurons
We recently characterized an nAChR on the soma of MHB neurons (Mulle and Changeux, 1990 ) that had been isolated according to a protocol different from the one used in the present study. In order to compare reliably the characteristics of nAChRs in the IPN and in the MHB under equivalent experimental conditions, we tested the electrophysiological and pharmacological characteristics of nAChRs on MHB neurons isolated according to this new protocol. Experiments were performed on 10-l 5-d-old animals. ACh and/or nicotine activated an inward current relatively nonselective for cations that rectified strongly at positive holding potentials. Outside-out recordings revealed a single class of nicotine-activated single channels. The singlechannel conductance given as the slope of the I/ Vcurve between -40 and -80 mV was 41.3 f 3.8 pS (n = 13). This value is significantly different from that found for IPN nAChRs. This value also differs from the one we had reported in our previous study for MHB neurons. The reason for this discrepancy is unclear. The possibility that a different type of nAChR was activated seems unlikely because, under equivalent test conditions (holding potential of -60 mV, test application of 10 PM nicotine), we found no difference in the sensitivity to several nicotinic agonists and antagonists with the data reported in our previous work. Another possible explanation for the noted difference in single-channel conductance is that the former isolation protocol favors a subconductance state of the nAChR, as observed with other preparations (see, e.g., Papke et al., 1989a) . The pharmacological properties of nicotinic responses in MHB and IPN isolated neurons were compared under identical experimental conditions. The amplitude of the macroscopic currents evoked by various concentrations of several nicotinic agonists relative to the amplitude of currents activated by a test application of 50 PM nicotine gave dose-response curves with Kd values ranging between 32 and 60 FM and Hill coefficients ranging between 1.3 and 1.8. The rank order of potency of these agonists (nicotine > cytisine > ACh > DMPP) clearly differs from that found for IPN nAChRs ( Table 2 ). The relative efficacy of several nicotinic antagonists on MHB and IPN nAChRs (test Table 1 . There are major differences in the sensitivities of MHB and IPN AChRs to DHBE (x 1 Sfold), mecamylamine (x 1 O-fold), and curare (x 1 O-fold). However, as for IPN nAChRs, incubation of MHB neurons for over 30 min with NBT did not significantly inhibit the response to nicotine (test application of 50 PM nicotine, control: mean amplitude = 1070 ? 880 pA, IZ = 11; NBT, 500 nM: mean amplitiude = 820 + 350 pA, n = 7).
Pharmacological profile of IPN presynaptic nAChRs We also described the pharmacological profile of putative presynaptic nAChRs located on the axon terminals of the FR by recording the afferent volley evoked by the stimulation ofthe FR in a slice preparation containing the terminal portion of the FR and the IPN (Fig. 7) , as described by Brown et al. (1984) . In the present experiments, the recording electrode was positioned in the central part of the rostra1 subnucleus of the IPN. A brief stimulation (0.2 msec) of one FR at the level of its entry point in the IPN produced an extracellular negative field potential, the amplitude of which increased linearly with stimulation intensity, while the latency to peak decreased. The field potential exhibited the characteristics of an afferent volley (Brown et al., 1984) in that (1) it was not depressed when synaptic transmission was blocked with a medium containing no Ca+ and high Mg+, (2) it followed high-frequency stimulation rates, and (3) it was not affected by an iontophoretic application of glutamate known to depolarize IPN neurons. The negative field we recorded thus represented the sum of action potentials evoked in the bundles of axons traveling to the IPN.
In every slice studied (n = 4 l), the addition of nicotine to the perfusion medium reversibly decreased the amplitude and latency of the afferent volley (Fig. 8) . This effect, which was also observed with a high MgZ+/O CaZ+ medium, can be interpreted as a depolarization of the FR axons due to the activation of presynaptic nAChR channels. The action of nicotine was dose dependent and was mimicked by several choline& agonists with the following order of potency: nicotine (EC,,, 10 PM) > cytisine (EC,,, 50 PM) > ACh in the presence of eserine (10 PM) (EC,,, 100 PM) and carbachol (EC,,, 100 FM) > DMPP (EC,,, 200 PM). The addition of atropine (l-10 PM) did not affect the action of ACh. The pharmacological action of various nicotinic antagonists was analyzed by comparing the effects of a 5-min perfusion with 50 PM nicotine to those of various concentrations of antagonists applied together with 50 FM nicotine for 5 min. Hexamethonium and mecamylamine blocked the effect of nicotine on the afferent volley with an IC,, of 4 and 3 PM, respectively (Figs. 8,9 ). Curare and DHBE blocked nicotine action at higher concentrations, with IC,, values of 200 and 250 PM, respectively. In contrast, NBT did not affect the action of nicotine when applied at concentrations up to 1.4 PM either with nicotine (n = 3) or after preincubation for over 15 min before the application of nicotine (n = 3; Fig. 8 ). (YBGT (l-3 PM) did not block the effect of nicotine either. None of the antagonists tested had any effects by themselves on the amplitude of the afferent volley. Their action was rapidly reversible, except for mecamylamine, for which a recovery period of at least 1 hr was necessary. least three different measurements. 
Discussion
In the present article, we provide electrophysiological and pharmacological evidence for the existence of several distinct subtypes of nAChRs in the rat CNS. The MHB-IPN system, a chain of cholinoceptive neurons, was used to compare tentatively nAChRs located (1) in different brain regions, (2) at preand postsynaptic sites in a given synapse, and (3) on the soma and on axon terminals in a given neuron.
In situ hybridization experiments have revealed the discrete and differential expression of several genes encoding neuronal uAChR subunits in the CNS. On the other hand, electrophysiological studies, using mainly extracellular recordings, have demonstrated the existence of functional nAChRs in various regions of the vertebrate CNS (Brown et al., 1984; Clarke et al., 1985; Egan and North, 1986; De la Garza et al., 1987; McCor- ' 120min mick and Prince, 1987a,b; Vidal and Changeux, 1989; Sorenson and Chiappinelli, 1990) . However, no systematic comparison of the pharmacological and physiological properties of the receptors present in these different areas had yet been performed. Direct characterization of nAChRs in the CNS by patch-clamp techniques has only been obtained in primary cultures of retinal ganglion cells (Lipton et a1.,1987) and hippocampal neurons (Aracava et al., 1987) and in acutely isolated MHB neurons (Mulle and Changeux, 1990) . In the present article, we have described the functional and pharmacological characteristics of nAChRs located at pre-and postsynaptic sites in the IPN and have compared the properties of these receptors to those already described in the MHB.
We first compared the properties of nAChRs found on the soma of IPN and MHB neurons. The IPN and the MHB express different combinations of neuronal nAChR genes, that is, hybridization with cu,, o(,, a4, (Ye, and & RNA probes in the IPN and hybridization with cy3, 01~, &, &, and p4 RNA probes in the MHB. We have used identical experimental conditions for the characterization of IPN and MHB nAChRs. In both these nuclei, ACh and classical nicotinic agonists activate channels that appear to be nonselective for cations as well as for muscle and ganglionic nAChRs (Adams, 1980; Fenwick et al., 1982) . They both show intense inward rectification, and no outward current can be observed in response to cholinergic agonists at positive holding potentials up to +50 mV. Inward rectification seems to be a common property for nAChRs in ganglia (Hirano et al., 1987; Ifune and Steinbach, 1990; Mathie et al., 1990) and has also been shown to occur with oocyte-expressed nAChRs (Bertrand et al., 1990; Couturier et al., 1990a,b) , but this property is not shared with muscle nAChRs. In both nuclei, single-channel measurements revealed the presence of a single class of elementary nicotinic currents on patches taken from the soma. This finding contrasts with the diversity of genes expressed in both these nuclei, as indicated by in situ hybridization studies. Because we have only characterized nAChRs located on cell bodies, a possible explanation is that several subtypes of nAChRs can coexist in a single neuron, but are located at distinct cellular levels. The single-channel conductances in the MHB (4 1.3 pS) and in the IPN (34.9 pS) were significantly different. The nAChRs also differed in their sensitivity to nicotinic agonists and antagonists. However, in both regions, nAChRs were not only insensitive to (YBGT, but also to NBT, a toxin that completely blocks nAChRs in other regions of the CNS, such as retinal ganglion cells (Lipton et al., 1987) prefrontal cortex (Vidal and Changeux, 1989) and striatum (Schulz et al., 1989) .
We have also compared pre-and postsynaptic nAChRs within the IPN. Because of the impossibility of recording from nerve terminals, the pharmacology of presynaptic nAChRs has been assessed by measuring the effects of nicotinic agonists on the afferent volley produced by stimulation of the FR. The present results confirm and extend the study of Brown et al. (1984) . The pharmacological characterization of pre-and postsynaptic nAChRs were performed under experimental conditions that were obviously different, so these results must be examined with caution. The relative potency of several nicotinic agonists was different for pre-and postsynaptic nAChRs (Table 2 ). Both preand postsynaptic receptors were insensitive to cvBGT and to NBT. However, we observed a marked difference in the potency of DHBE and postsynaptic nAChRs in inhibiting the response to nicotine. The main impairment in indirectly recording from presynaptic fibers is that we do not control the membrane potential, so that comparison will only be valuable for antagonists whose effects are not dependent on voltage. Preliminary indications show that the effect of curare increases with voltage, but the effect of DHBE is voltage independent. Thus, our results strongly support the conclusion that pre-and postsynaptic nAChRs within the IPN are pharmacologically different.
The exact subunit composition of the different nAChRs in the CNS is not established. Comparison of our data with data from oocyte expression experiments can give some clues to this issue. Neuronal nAChRs from rat and chicken expressed in oocytes have been recently tested for their sensitivity to various toxins Wada et al., 1988; Duvoisin et al., 1989; Couturier et al., 1990a; Luetje et al., 1990) and to classical nicotinic antagonists (Bertrand et al., 1990 ) and for their singlechannel properties Papke et al., 1989a,b) . Assuming that nAChRs in the CNS are composed of 01-and p-subunits, each from a single class, we can make suggestions about the composition of nAChRs in the IPN and in the MHB. One must keep in mind, however, that neuronal nAChRs are expected to be pentameric structures, and differences in the stoichiometry, for a given set of a-and p-subunits, can give rise to differences in functional properties of the receptors (see, e.g., Papke et al., 1989a) . In the IPN, (Ye-, (Ye-, (Ye-, and &subunits can form functional nAChRs. The combinations o(& and c& are sensitive to NBT (though to a lesser extent; Luetje et al., 1990) . Thus, nAChRs found on IPN neuronal soma could be made up of (Y*-and &subunits because the (Y$$ combination is insensitive to NBT Luetje et al., 1990) and because the single-channel conductance of this nAChR (35 pS; Papke et al., 1989a ) is analogous to the single-channel conductance of postsynaptic IPN nAChRs. In the MHB, paired combinations of a,-, CQ, &, and P4-subunits can form functional nAChRs. In contrast to the combination cu,&, &I4 is not sensitive to NBT (Duvoisin et al., 1989; Luetje et al., 1990) . MHB somatic receptors could thus be composed of (Ye-and p.,-subunits, though data concerning agonists and classical antagonists are lacking and though the value of single-channel conductance (Papke et al., 1989b) does not match our data. A high level of lz51-NBT binding has been recently demonstrated in the MHB (Schulz et al., 199 l) , suggesting that some MHB nAChRs could be sensitive to NBT, at variance with somatic and axonal nAChRs, and could thus be composed of (Ye-and &-subunits. These observations raise the possibility that distinct types of nAChRs can coexist at the level of a single neuron and be differentially targeted either to the soma, to the dendrites, or to axon terminals. The MHB can serve as a model to address this last issue. Because at least five distinct nAChR genes are expressed in this nucleus, it is reasonable to expect that several nAChR subtypes will coexist in MHB neurons. Furthermore, there are anatonomical (Clarke et al., 1986) and physiological (Brown et al., 1983 (Brown et al., ,1984 McCormick and Prince, 1987a; Mulle and Changeux, 1990) evidence for the existence of nAChRs on MHB neurons both at the level of dendrites or soma and at the level of axonal afferents to the IPN. As mentioned above, some nAChRs in the MHB, probably located at the level of dendrites and not detected under our experimental conditions, could be sensitive to NBT. If demonstrated at a physiological level, this property could provide a tool to discriminate between dendritic and axonal nAChRs in MHB neurons. We show that nAChRs located at the somatic level of MHB neurons and those located on the terminals of MHB axons projecting to the IPN do not differ significantly in their relative sensitivity to several agonists and antagonists, but only display a marked difference (x 200-fold) in their sensitivity to mecamylamine, an antagonist that does not act in a voltage-dependent manner on MHB neurons. However, we cannot draw conclusions as to the difference between nAChRs located on the cell bodies and on the axon terminals of MHb neurons. This demonstration would require additional approaches, for instance, the use of specific antibodies.
In summary, our results point to the functional diversity of nAChRs in the rat CNS. This feature is shared with other ligandgated channels such as GABA, glycine, and glutamate receptors (for review, see Betz, 1990; Galzi et al., 199 1) . Diversity could be important for subserving different synaptic functions due to differences in the functional properties of receptors, for example, sensitivity to agonist, rate of desensitization, and I/l' relationship. Most of all, as demonstrated for GABA, receptors (Pritchett et al., 1989; Liiddens et al., 1990) , receptors of a given class can differ in their properties of regulation by allosteric effecters, an important factor in the control of synapse efficacy (Changeux and Heidmann, 1987) . Alternatively, subtype heterogeneity could play a role in the differential expression of receptors in terms of development and regional distribution, or in the differential targeting of receptors to various regions of the neuron.
